Introduction
Food security depends not only on the availability of food but also its nutritional quality. Unfortunately, the poorest people in the world generally rely on a monotonous staple diet, and since most plants are deficient in certain vitamins, minerals, and essential amino acids, a diet restricted to one major staple will tend to be nutritionally incomplete [1, 2] . GE strategies have been used to tackle nutrient deficiency, with some remarkable advances in the past two years offering the prospect of nutritionally complete staple crops that could realistically address malnutrition on a global scale. Unfortunately, it is highly unlikely that such crops will be adopted in the short-tomedium term because politicians in Europe (and developing countries in Europe's sphere of influence) often pander to hyperbolic arguments about perceived risks, while ignoring potential benefits. In this review we summarize some of the recent advances in the field and briefly discuss the political hurdles currently preventing the deployment of nutritionally enhanced crops, and how these might be overcome.
Nutritionally enhanced crops-recent achievements
Recent GE strategies to increase crop yields have been highly successful [3] but the most striking advances over the past two years have involved plants engineered to produce missing nutrients or increase the level of nutrients that are already synthesized. An important trend is the move away from plants engineered to produce single nutritional compounds towards those simultaneously engineered to produce multiple nutrients, a development made possible by the increasing use of multigene engineering [4] . Several recent reports have demonstrated how multigene metabolic engineering can increase the level of carotenoids in edible plant tissues, including the traditional target b-carotene (pro-vitamin A, whose absence in staple cereals is responsible for almost 500,000 cases of preventable blindness every year [5] ) and other carotenoids with specific functions in the human body or generally beneficial antioxidant properties. A combinatorial nuclear transformation method has been developed that allows the carotenoid synthesis pathway in corn to be dissected, and allows the production of diverse populations of transgenic plants containing different carotenoid profiles [6 ] . The system as originally reported involved the transformation of a white corn variety lacking endosperm carotenoids with five genes from the carotenoid pathway ( Figure 1 ) each under the control of a different endosperm-specific promoter. The population of transgenic plants recovered in this approach contained random combinations of transgenes, thus each unique combination had a different metabolic potential and produced a distinct carotenoid profile. Normally, the random nature of transgene integration is considered disadvantageous because hundreds of lines may need to be screened to identify one with the correct genotype and phenotype. However, random transgene integration is an advantage in this new platform because it increases the diversity of the population, resulting in plants with high levels of carotenoids such as b-carotene, lutein, zeaxanthin, lycopene, and astaxanthin, alone or in combination. Recently, it was demonstrated that the engineered carotenoid pathway could be introgressed from a transgenic line with a high LYCB:LYCE (lycopene b-cyclase to lycopene e-cyclase) ratio (thus favoring the bcarotene branch) into the genetic background of a wildtype yellow-endosperm corn variety also with a high Carotenoid biosynthesis in corn endosperm. Abbreviations: IPP, isopentenyl diphosphate; IPPI, isopentenyl diphosphate isomerase; DMAPP, dimethylallyl diphosphate; GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; PSY, phytoene synthase; PDS, phytoene desaturase; Z-ISO, z-carotene isomerase; ZDS, z-carotene desaturase; CRTISO, carotenoid isomerase; LYCB, lycopene b-cyclase; LYCE, lycopene e-cyclase; CYP97C, carotene e-ring hydroxylase; HYDB, b-carotene hydroxylase.
LYCB:LYCE ratio, resulting in synergistic enhancement of the metabolic bias and creating hybrid lines producing unprecedented levels of zeaxanthin (56 mg/g dry weight) [7 ] . This novel strategy for combining GE and conventional breeding allows the development of 'designer' hybrid lines with specific carotenoid profiles, and is equally applicable to any staple crop where nutritional improvement would be beneficial.
Diverse carotenoid profiles have also been reported in canola seeds from plants transformed with up to seven carotenogenic transgenes [8 ] . In this study, the authors aimed for seven-gene transformation and obtained their diversity as a byproduct, but the advantages are the same as those demonstrated in the combinatorial corn transformation platform. Most of the canola plants contained all seven genes and the total carotenoid content increased 30-fold, including a spectrum of novel ketocarotenoids that are not usually found in canola. Carotenoid levels can also be enhanced by increasing storage capacity, as seen in the cauliflower Or (orange) mutation that induces chromoplast differentiation and facilitates the hyperaccumulation of b-carotene resulting in a dark orange inflorescence [9] . Expression of an Or transgene in potato tubers resulted in a 6-fold increase in carotenoid levels by increasing the capacity for carotenoid storage [10 ] .
There has also been recent progress with other vitamins, such as the expression of a chicken GTP cyclohydrolase I gene in lettuce, which increased folate levels by nearly 9-fold [11] , the co-expression of Arabidopsis r-hydroxyphenylpyruvate dioxygenase and 2-methyl-6-phytylplastoquinol methyltransferase in corn, which increased gtocopherol levels by 3-fold at the expense of other, less potent tocopherols [12] , and the doubling of ascorbate levels in tobacco by encouraging recycling through the expression of phosphomannomutase or GDP-D-mannose pyrophosphorylase [13, 14] . Whereas the enhancement of individual nutrients provides proof of principle, progress towards addressing micronutrient deficiencies in the real world will only be made once it is possible to target different nutrients at the same time. In this context, transgenic corn plants simultaneously enhanced for carotenes, folate and ascorbate provide the first example of a nutritionally enhanced crop targeting three entirely different metabolic pathways, going some way towards the goal of nutritionally complete staple crops [15 ] . This was achieved by transferring four genes into the white maize variety described above, resulting in 407 times the normal level of b-carotene (57 mg/g dry weight), 6.1 times the normal level of ascorbate (106.94 mg/g dry weight) and twice the normal amount of folate (200 mg/g dry weight).
Whereas metabolic engineering can increase the levels of organic nutrients, minerals must instead be sequestered from the environment [16] . One notable recent report describes the hyperaccumulation of iron in rice plants transformed with two genes, encoding nicotianamine synthase (required for iron transport through the vascular system) and ferritin (which increases the capacity for iron storage) [17 ] . Calcium levels in carrots are doubled when the transporter sCAX1 is expressed in the taproots, and feeding studies have shown that the extra calcium is bioavailable when carrots are fed to mice [18] . Similarly, calcium levels increased in lettuce expressing the same transporter, without detectable changes to the organoleptic properties of lettuce leaves [19] .
Recent attempts to enhance the levels of essential amino acids and very long chain polyunsaturated fatty acids have also been successful, for example, the expression of an RNA interference construct to inhibit the key enzyme lysine-ketoglutarate reductase/saccharophine dehydrogenase (LKR/SDH) in order to increase lysine levels in corn [20] , and the expression of a liverwort D6-desaturase, D6-elongase, and D5-desaturase to triple arachidonic acid levels and double eicosapentaenoic acid levels in transgenic tobacco plants [21] . Cheng et al. [22 ] also produced high levels of eicosapentaenoic acid in canola.
Benefits and risks of deployment
Can nutritionally enhanced GE crops really improve food security?
Scientific advances are occasionally oversold in the pursuit of funding, patents or industry investment [23] , so it is fair to ask whether GE can realistically improve food security or whether the claims are exaggerated. It is clear that the world produces enough food for its current population, but poverty and poor health prevent access to adequate nourishment [24, 25] . These issues disproportionately affect the poorest, notably subsistence farmers in developing countries, often driving them to cities thus adding to the growing problem of urban poverty and hunger [26] . Any long-term strategy to address food insecurity in the developing world must therefore tackle the underlying problem of poverty and poor health by increasing the level of rural employment-based income through increased agricultural productivity [25, 26] . The production of crops with higher nutritional value would add to the yield improvements made possible by GE and would mean that a smaller proportion of each farmer's output would be needed for subsistence and more could be sold at market, and also there would be a lower burden of disease caused by malnutrition [2] . GE crops provide the only route to nutritional completeness and could be a valuable component of a wider strategy including conventional breeding and other forms of agricultural development to improve food security now and in the future, in combination with better governance, education and healthcare, and socioeconomic policies to improve the welfare of the rural poor in developing countries [26] .
Are there risks to health and the environment?
Although there is little doubt that GE technology can improve the nutritional value of food, these benefits are offset by perceived risks to health and the environment. One of the main challenges is that many non-scientists have a very poor grasp of risk and often attach unrealistic likelihoods to risks that are infinitesimal in nature. The global area of GE crops has steadily increased over the past 14 years [27] despite much public distrust and political controversy, particularly in Europe. There is no evidence for any detriment to public health or the environment in those areas that have embraced GE agriculture. Other technologies, which do have quantifiable risks, are accepted with far less protest. For example, great significance has been attached to the near imperceptible risks of 'horizontal gene transfer' from transgenic plants containing antibiotic resistance genes to pathogenic bacteria in the human gut, whereas the much more quantifiable risks of pesticide exposure is routinely ignored. Given that nature teems with antibiotic-resistant bacteria and we consume billions of them every day without ill effects yet there is plenty of evidence of environmental damage and health problems caused by pesticide use, why is there so much controversy about the use of genes that are already abundant and harmless? Why was it necessary to invest so much in the development of politically expedient technology to remove them? An interesting case study from the European Union (EU) that provides insight into the reasons behind the negative perception of GE technology is discussed in Box 1.
Political factors-the role of activists, the media, the public, and politicians
The political dimension to GE crops is best explained as a cycle of self-reinforced negative publicity (Figure 2 ). The media, politicians, and the public feed each other with (mis)information, becoming more risk averse and sensationalist with each cycle. The public are predominantly exposed to science through the mass media, which can be a good source of information on cutting edge technologies. However, depending on their financial and political influence, the media can also manipulate the public, causing scientific controversies that are rarely about science. Reporting biotechnology poses unique challenges because it is perceived as a controversial, evolving field, and it is difficult to produce quality news stories in an environment where science gets attention from activists and politicians. It is also clear that controversy itself attracts attention, which makes biotechnology a tempting opportunity for journalists good and bad. Consumer acceptance depends directly on how much trust is placed on the available risk-benefit information. Some of the public carefully weigh potential benefits more heavily than risks, while others form their biotechnology attitudes solely on media sound bites.
As well as deliberate manipulation, even a benign media can provide misinformation in an attempt to provide 'balanced' coverage (i.e. presenting alternative views no matter how irrational) or by oversimplification for the target audience so that viewpoints are polarized into 
Data from a field trial of Bt maize in Italy performed in 2005 as part of
what was supposed to be a broad popular overview of GE in Italy were largely ignored. An analysis of the events surrounding this phenomenon leads to only one conclusion-the information was suppressed because it showed GE in a positive light [34] . The outcomes were to be presented at a public meeting in 2006, but the full field trial data were never released. When it became clear that the Italian Ministry of Agriculture was not going to publish the trial data, a small group of determined researchers held a press conference in 2007 [35] in response to several months of intensive campaigning by a coalition of over 30 groups claiming to represent over 11 million Italians opposed to GE foods. The Italy/Europe Free of GMO (GEO) coalition, which encompassed several Italian farming unions, consumer associations, and environmental groups, such as Greenpeace and the Worldwide Fund for Nature, had organized nearly 2000 separate anti-GE events and in a mock referendum collected three million signatures calling for a complete ban on all GE foods in Italy. Fourteen of Italy's 20 regions had already declared themselves GE-free even though the field trial results showed that under field conditions, MON810 maize expressing Bt toxin can help maintain yield levels that are 28-43% higher than those of isogenic non-GE varieties [34, 35] . MON810 maize also outperformed conventional maize in terms of the levels of fumonisins, toxins that are produced by fungi able to infect plants through lesions caused by the maize borer. MON810 maize contained 60 or fewer parts per billion of fumonisin, whereas non-GE varieties contained over 6000 parts per billion, a level unsuitable for human consumption under Italian and European law. If it had been the MON810 varieties that contained high levels of fungal toxins, interest of the politicians, the media and the general public in the data would probably have been intense. But the response to these inconveniently positive field trial data was unreceptive at best.
Unable to find any direct evidence to prove that GE crops are inherently risky, protagonists often fall back on the claim that there are no long-term safety studies proving the absence of any harm to health from ingesting GE foods. It was in this vein that researchers at the University of Veterinary Medicine in Vienna launched a feeding study in mice to assess health over generations. The aim of the study was to assess the health effects of a variety of GE maize carrying two transgenes: cry1Ab from Bt and the Agrobacterium gene encoding 5-enolpyruvylshikimate-3-phosphate synthase, which confers tolerance to glyphosate herbicides. Although the authors stated that ''no negative effects of GE maize varieties have been reported in peerreviewed publications'', they wanted to assess health effects over several generations-something that has rarely been studied [36] . The study was not published, nor was it peer reviewed. Rather, the results were announced at a press conference in 2008 [37] . Anti-GE groups like Greenpeace jumped on this 'news' and issued a press release stating: ''Forget condoms -eat GE maize'' and demanded a worldwide recall of all GE foods and crops, stating: ''GE food appears to be acting as a birth control agent, potentially leading to infertility'' [38] .
The study was soon criticized to be flawed and was discredited in the scientific community [36] . These errors make it unsuitable for risk assessment and/or regulatory purposes [39] . This study therefore served a political rather than a science-based agenda.
universal acceptance or rejection of a particular technology, with little room for reasoned discourse. Scientific data is often molded into a publication format that allows several different types of manipulation to take place, including suppression of positive data by omission (Box 1), publication of negative data without verification (and not publishing contrary evidence or retractions), or deliberately negative framing and labeling (e.g. 'killer corn'). This contrasts sharply with the description of novel recombinant cancer drugs as 'magic bullets' and 'wonder-drugs', and it is clear that medical stories are often presented positively. Where GE and medicine combine, as in transgenic plants producing pharmaceutical proteins, the media has been cautiously upbeat: 'Transgenic maize to cure HIV/AIDS' [28] .
It is often said that GE crops could solve Africa's hunger and poverty, but that, through inadequate investment, external lobbying, and stringent regulations, farmers are being deprived of the technology and prevented from achieving agricultural success [29, 30] . Many blame the European governments and non-governmental organizations for trying to foist their affluent values and precautionary sensibilities on Africa's poor. Politicians therefore play a key role in the eternal triangle because they listen to lobbies and respond with decisions that are handed down to regulators. If the public do not like GE they will lobby their politicians, who will in turn order the regulators to increase the regulatory burden. Even when the regulators consult independent advice, the politicians would rather fly in the face of this advice and impose 'solutions' to problems that do not exist, instead of evaluating the data properly. For this reason, the EU labors under such burdensome co-existence regulations in agriculture that is becomes virtually impossible for GE farmers to plant their crops without the risk of litigation [31] . In a misguided attempt to streamline the approval process for GM crops in Europe, the EU is considering allowing Member States to opt out of approvals, impose their own regulations, and create de facto GE-free zones in Europe, in direct contradiction of their aspirations to support innovation and develop a knowledge-based bioeconomy [32] .
What can be done to fix the negative cycle?
Where negative perception has a unique source it should be possible to correct the perception by providing education at the source, but in the self-sustaining loop shown in Figure 2 there is no single point of intervention that will work. What is required is a concerted and coordinated campaign to influence the media, politicians, and public about scientific realities and, in particular, the correct approach to risk evaluation (Box 2). Organizations such as Sense About Science, which provide a voice for scientists and a platform to address scientific misinformation about GE in the media [33] , are a step in the right direction but are often placed in the position of a reactionary rather that a proactive force in the face of sometimes overwhelming media-promulgated ignorance and sensationalism. The negative cycle can only be broken by education, the exposure of myths and lies and something that is almost unheard of: holding the media to the same publication standards as the scientists they often criticize.
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Box 2 Political issues and potential solutions
The political issues Politicians have more influence on the regulators than scientists.
Public opinion drives political decisions more strongly than science.
Public opinion is swayed by the media, which prefers sensationalist reporting.
The media responds to sensationalist activist claims rather than rational scientific debate.
Activists are not bound by the same rules of engagement as scientists.
Potential solutions Regulators should be protected from undue political pressure.
Politicians should weigh up scientific evidence properly, for example, through independent bodies that have executive authority.
There should be more effort to educate the public about science.
The media should have a duty to report accurately and should hold activists to the same standard of evidence as scientists.
The EU should enforce its own regulations and support farmers wishing to grow GE crops to the same extent as those growing conventional/organic crops.
The regulation of GE crops should be handled in the same way as drugs-once safety has been confirmed a license should be given and marketing should be authorized throughout the EU, without provisions to permit Member States to interfere for reasons of political expediency.
Figure 2
The eternal triangle of negative reinforcement. Media sensationalism, fed by propaganda from activists, misinforms the public about the risks of GE. The public vote for politicians to represent their views, so they pressure the regulators to treat GE more cautiously than the actual risk justifies. Activists and the media then use this as evidence to support their claims that GE is risky. There is no room for scientists or rational debate in this cycle.
Conclusions
GE strategies can be used to address micronutrient deficiency in both the developed and the developing world, as recent advances in the areas of metabolic engineering and mineral accumulation have demonstrated, particularly those studies simultaneously tackling multiple nutrients. However, this can only be achieved with the support of the public, media, and politicians. Converting the current negative reinforcement cycle into a positive one will only be possible when there is less irrational hatred of GE, and this can only come about with a strenuous effort to educate the public, politicians, and the media about the realistic nature of risks, and the balance between risks and benefits in all areas of life.
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